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BRIEF OUTLINE OF RESEARCH FINDINGS

Overview
Optically-trapped, strongly-interacting Fermi gases exhibit universal behavior, and provide a model for exploring exotic systems in nature, from high-temperature superconductors to neutron stars and quark-gluon plasmas. Hence, the study of such gases is of great importance and of fundamental interest. In atomic Fermi gases, strong interactions are produced in the vicinity of a Feshbach resonance, where a bound molecular state in a closed exit channel is magnetically tuned into coincidence with the total energy of a pair of colliding particles. In this case, the zero energy scattering length a S , which characterizes the interactions at low temperature, can be tuned through ±∞. Hence, such systems are ideal for exploring matter wave interactions in the strongly-interacting regime. For very large values of |a S |, the important properties of the system (e.g., the effective mean field potential, the collision rate, the superfluid transition temperature, etc.) lose their dependence on the magnitude and sign of a S , and instead become proportional to the the Fermi energy with different universal proportionality constants. For this reason, tabletop experiments with strongly interacting atomic Fermi gases can provide measurements that are relevant to all strongly-interacting Fermi systems, thus impacting theories in intellectual disciplines outside atomic physics, including materials science and condensed matter physics (superconductivity), nuclear physics (nuclear matter), high-energy physics (effective theories of the strong interactions), astrophysics (compact stellar objects, neutron stars), quark-gluon plasma physics (elliptic flow), and string theory (minimum viscosity hydrodynamics).
During the period of this grant, we have had several major breakthroughs. We were the first group in the world to produce a strongly-interacting, degenerate Fermi gas in 2002. We made the first observations of the anisotropic hydrodynamic expansion of the cloud at very low temperature, which was suggestive of superfluidity, but did not provide a conclusive proof. In 2004, we excited the breathing mode and obtained the first evidence for superfluid hydrodynamics. In 2005, we made the first thermodynamic measurements, i.e., we measured the heat capacity of the gas, which revealed a phase transition. In 2005, we also measured the damping rate of the breathing mode as a function of empirical temperature, and observed a transition in behavior. These results is described briefly below. In 2002, we prepared and studied for the first time, a highly-degenerate, stronglyinteracting Fermi gas of 6 Li. In the experiments, a 50-50 mixture of spin-up and spin-down atoms was confined in an optical trap. A magnetic field was applied to tune the gas just above the center of a broad Feshbach resonance, producing stronginteractions, and the sample was then cooled by direct evaporation in the optical trap.
Upon release from the cigar-shaped optical trap, the gas was observed to expand anisotropically, standing nearly still in the originally long direction, while expanding rapidly in the originally narrow direction, inverting the aspect ratio. At the very lowest temperatures, this behavior was suggestive of superfluidity, since Pauli blocking suppresses collisions. However, it was suggested by the MIT group that deformation of the Fermi surface during expansion, and subsequent collisional hydrodynamics, could not be ruled out. While subsequent theory showed that this scenario was unlikely, experimental proof was lacking. However, the paper was the first attempt to observe superfluidity, and provided the first signs of superfluidity in a Fermi gas. The paper is now frequently cited in the context of high-temperature superconductivity, which arises from strong spin pairing.
In O'Hara et al., similar anisotropic expansion was also observed at higher temperatures and ascribed to unitary collision dynamics, which was a central point of the paper. This behavior is currently of great interest in the quark-gluon plasma community, where the paper is frequently cited as an example of "elliptic flow," which is believed to be a characteristic of a quark-gluon plasma. It is also referenced in the context of string-theory, as an example of minimum viscosity hydrodynamics, which arises in scale-invariant, universal systems.
Additional accomplishments of the 2002 paper include the introduction and first measurement of a universal interaction parameter, which is of great interest in the nuclear physics and neutron star communities. We also made the first collective mode measurements in a strongly-interacting Fermi gas. The purpose was to obtain evidence for superfluid hydrodynamics in the trapped gas, eliminating the criticism of our 2002 paper, that deformation in the Fermi surface during expansion might have resulted in collisional hydrodynamics.
Study of collective modes provides a means of probing the dynamics of quantum gases, and can provide important information about the equation of state as well as evidence for superfluidity.
We excited the radial breathing mode of the gas by briefly turning off the trap and then recapturing the atoms. The atoms expand slightly, and when the trap is turned back on, the atoms have a higher potential energy than initially. The gas is permitted to oscillate radially in and out for a variable hold time, t 0 . Then the cloud is released and imaged after 1 ms. The temperature is estimated by fitting a Thomas-Fermi distribution to the cloud shape to extract the zero temperature (Fermi) radius and the empirical reduced temperature (T /T F ) f it , where T F is the Fermi temperature for a noninteracting gas.
We observed a breathing mode frequency in precise agreement with predictions based on universal hydrodynamics, which arises near a Feshbach resonance. Evidence for superfluidity arose in the damping rate, which was found to decrease with decreasing empirical temperature in the highly degenerate regime. Since the gas is hydrodynamic, as shown by the frequency, in a normal fluid, one would expect the damping rate to be inversely proportional to the collision rate. Since the collision rate decreases with temperature in the degenerate regime where Pauli blocking is effective, one would expect the damping rate to increase with decreasing temperature for a normal fluid. Hence, the opposite behavior of the damping rate is indicative of superfluid hydrodynamics.
C. Heat Capacity in a Strongly Interacting Fermi Gas. In studies of superfluidity and phase transitions in condensed matter, the measurement of the heat capacity has played a central role. For this reason, we devised the first experimental techniques to explore the heat capacity in a strongly interacting Fermi gas.
To accomplish this goal, two new techniques were developed. First, we devised a method for precisely adding energy to the gas. This is accomplished by releasing the gas for a short time. The cloud expands, and then the trap potential is reinstated, increasing the potential energy, and hence the total energy. While this idea is simple, new concepts arise in interpreting precisely how much energy is added, based on universal thermodynamics. Second, we make a one parameter empirical temperature measurement. This is accomplished by fitting a Thomas-Fermi profile (for a nonin-teracting gas) to the measured profile for the interacting gas. We hold the Fermi radius constant and fit only the reduced temperature parameter, which serves as an empirical temperature. This empirical temperature is calibrated by performing the same procedure on the theoretical spatial profiles.
The empirical temperature is measured as a function of total energy, and the plot of energy versus empirical temperature reveals an abrupt change in behavior, signalling a phase transition. After calibration, we find that the transition temperature is near 30% of the Fermi temperature, in very good agreement with recent predictions for the superfluid transition in a strongly-interacting Fermi gas. We have made the first comprehensive measurements of the damping rate and frequency of the radial breathing mode as a function of temperature, by using the empirical temperature measurement method described above. In the experiments, energy is precisely added to the gas, the empirical temperature is measured, and the breathing mode excited. The frequency remains close to the universal hydrodynamic value over a wide temperature range, while the damping rate reveals a transition in behavior, at a temperature close to that measured for the transition in the heat capacity. Hence, the heat capacity and damping experiments provide the first experimental determinations of the superfluid transition temperature in a strongly-interacting Fermi gas.
Invited Talks
During this period, our group presented 32 invited talks and colloquia discussing this research:
is measured in units of the Fermi temperature. Hence, studies in this system are likely to lead to new and fundamental insights into the nature of high temperature superconductivity which strongly impacts materials science. Further, our ultrastable CO 2 laser enables trapping of both atoms and molecules with broad applications to precision measurements and novel clocks. For example, new clocks can be based on coherent superposition states of fermions which are prevented from colliding by the exclusion principle. Our experiments are also well suited for exploring novel matter-wave-optical processes, such as abrupt transitions between interacting and noninteracting states on a time scale short compared to the time over which an atom travels a de Broglie wavelength. In this case, novel many body quantum dynamics is expected. Such experiments will enable unique studies of nonlinear atom-wave processes, enabling new techniques for manipulation and control of matter-wave fields with applications in nanolithography.
